Introduction {#evl321-sec-0010}
============

In sexually reproducing organisms, males and females are adapted for their respective roles in reproduction. Selection therefore often acts in a sex‐specific manner, to the adaptive benefit of that particular sex. However, given that the two sexes share the majority of their genome, such sex‐specific selection is likely to impact the phenotype of the other sex, and, most likely, therefore their fitness (Lande [1979](#evl321-bib-0027){ref-type="ref"}; Poissant et al. [2010](#evl321-bib-0036){ref-type="ref"}). The consequence of such (positive) intersexual genetic correlations, arising from shared genetic variation between the sexes, depends on whether the fitness optima for the two sexes lie in the same direction relative to their current phenotypes. If so (i.e., selection is acting sexually concordantly) such intrasexual genetic correlations will result in an amplification of the selection response in both sexes and the purging of deleterious alleles from the population (Whitlock and Agrawal [2009](#evl321-bib-0045){ref-type="ref"}). If, however, fitness optima differ between the sexes, (i.e., selection is acting sexually antagonistically) intersexual genetic correlations will result in an intralocus sexual conflict and contribute to the maintenance of variation in male and female traits (Lande [1979](#evl321-bib-0027){ref-type="ref"}; Chippindale et al. [2001](#evl321-bib-0007){ref-type="ref"}; Fedorka and Mousseau [2004](#evl321-bib-0013){ref-type="ref"}; Foerster et al. [2007](#evl321-bib-0016){ref-type="ref"}).

On an evolutionary timescale, intralocus sexual conflict is predicted to drive the two sexes to evolve a separate genetic basis (sex‐specific genetic variation; Lande [1979](#evl321-bib-0027){ref-type="ref"}; Poissant et al. [2010](#evl321-bib-0036){ref-type="ref"}) or sex‐specific patterns of gene expression for shared traits (Bonduriansky and Chenoweth [2009](#evl321-bib-0002){ref-type="ref"}). By removing intersexual genetic correlations, this allows both sexes to reach their sex‐specific fitness optimum and will result in strong sexual dimorphism in the trait in question. In this light, sexual dimorphism, and in its most extreme manifestation, sex‐limited trait expression is often seen as an indication of past sexual conflict (Cox and Calsbeek [2009](#evl321-bib-0010){ref-type="ref"}). This hypothesis is supported by a positive correlation between sexually antagonistic selection (i.e., divergent fitness optima between the sexes) and sexual dimorphism (Cox and Calsbeek [2009](#evl321-bib-0010){ref-type="ref"}), and a negative correlation between sexual dimorphism and intersexual genetic correlation (Bonduriansky and Rowe [2005](#evl321-bib-0004){ref-type="ref"}; Coyne et al. [2008](#evl321-bib-0012){ref-type="ref"}; Poissant et al. [2010](#evl321-bib-0036){ref-type="ref"}) across traits and studies. Furthermore, in species where sexual dimorphism increases through ontogeny, sex‐specific gene expression increases, whereas intersexual genetic correlations diminish (Cox et al. [2017](#evl321-bib-0011){ref-type="ref"}). Therefore, sex‐specific selection on highly dimorphic or even sex‐limited traits is predicted to have little impact on the other sex (but see Harano et al. [2010](#evl321-bib-0020){ref-type="ref"}).

Given the different roles of males and females in reproduction, reproductive traits and functions show among the highest levels of sexual dimorphism across taxa, being mostly expressed in a sex‐limited way. Whereas many studies have investigated how selection acts on reproductive traits within a sex, few have quantified the consequences of such sex‐limited selection for either the reproductive function (Fischer et al. [2009](#evl321-bib-0015){ref-type="ref"}) or fitness of the other sex (Mills et al. [2012](#evl321-bib-0029){ref-type="ref"}). Estimating such intersexual effects on evolutionary trajectories, however, is crucial for our understanding of how male and female fitness evolves (Cox [2014](#evl321-bib-0009){ref-type="ref"}). If strong sexual dimorphism reflects the independent genetic basis of male and female reproductive function (Chippindale and Rice [2001](#evl321-bib-0008){ref-type="ref"}; Postma et al. [2011](#evl321-bib-0037){ref-type="ref"}; Moghadam et al. [2012](#evl321-bib-0030){ref-type="ref"}; Tschirren et al. [2016](#evl321-bib-0044){ref-type="ref"}), then sex‐limited selection in one sex will have little impact on the fitness of the other sex. However, if sexually dimorphic reproductive function has a shared developmental (Gilbert [2000](#evl321-bib-0018){ref-type="ref"}; Smith and Sinclair [2004](#evl321-bib-0042){ref-type="ref"}) and/or genetic basis (Land [1973](#evl321-bib-0026){ref-type="ref"}; Simmons [2003](#evl321-bib-0041){ref-type="ref"}; Fischer et al. [2009](#evl321-bib-0015){ref-type="ref"}) then the intersexual consequences of sex‐limited selection on the fitness of the other sex may be substantial.

Egg production is a female‐specific reproductive trait, arising from a strong sexual dimorphism in gonadal morphology. The size of the egg represents the quantity of prenatal resource investment a female makes into each offspring and, in many taxa, has been found to have a strong impact on offspring fitness (McGinley et al. [1987](#evl321-bib-0028){ref-type="ref"}; Fox and Czesak [2000](#evl321-bib-0017){ref-type="ref"}; Krist [2011](#evl321-bib-0024){ref-type="ref"}). Divergent artificial selection for female egg investment in a precocial bird, the Japanese quail (*Coturnix japonica*; Pick et al. [2016c](#evl321-bib-0035){ref-type="ref"}), resulted in a strong divergence in female reproductive investment (seen as a strong difference in egg size, but no change in the number of eggs laid; Pick et al. [2016c](#evl321-bib-0035){ref-type="ref"}), and, consequently, a pronounced difference in offspring growth and survival between the lines for high and low maternal investment (Pick et al. [2016a](#evl321-bib-0033){ref-type="ref"}). Differential maternal egg investment thus directly affects female reproductive success. These artificial selection lines therefore provide an opportunity to test how directional sex‐limited selection on a key female reproductive trait affects male reproductive success. To this end, male reproductive success was assessed in both a noncompetitive mating situation, in which male--female pairs were kept in isolation (i.e., no male--male competition or female mate choice), and in a competitive mating situation under seminatural conditions that allowed for pre‐ and postcopulatory female choice and male--male competition. Furthermore, to unravel the mechanisms underlying an intersexual genetic correlation in sex‐limited reproductive function, we measured testis size and asymmetry in all males to explore the role of gonadal development in mediating intersexual fitness consequences of sex‐limited selection.

Results and Discussion {#evl321-sec-0020}
======================

Alongside the positive consequences of selection for increased female reproductive investment on female reproductive success (measured as offspring growth and survival; Pick et al. [2016a](#evl321-bib-0033){ref-type="ref"}), this sex‐limited selection also positively affected male reproductive success in both a non‐competitive (χ^2^ = 10.92, *P* = 0.001) and a competitive mating situation (*F* ~1,24~ = 5.77, *P* = 0.024; Fig. [1](#evl321-fig-0001){ref-type="fig"}). This finding highlights that key components of male and female fitness are positively genetically correlated. Such a positive genetic correlation between male and female fitness will amplify the evolutionary response to (sex‐specific) selection in both sexes. At the same time, a shared genetic architecture of key fitness components means that constraints acting in one sex (e.g., a trade‐off between male reproductive success and life span; Bonduriansky et al. [2008](#evl321-bib-0003){ref-type="ref"}) will constrain evolution in the other (Cox [2014](#evl321-bib-0009){ref-type="ref"}).

![Consequences of divergent selection for female reproductive investment on (A) male fertility and (B) male reproductive success. Black boxes represent 25% and 75% quantiles, whiskers 1.5 interquartile range, and the white points the median. Kernel density plots have been added to better show the distribution of the data.](EVL3-1-222-g001){#evl321-fig-0001}

Males from lines selected for high female reproductive investment experienced higher reproductive success in both a competitive and a non‐competitive mating situation (Fig. [1](#evl321-fig-0001){ref-type="fig"}). Although reproductive success in a competitive mating situation includes pre‐ and postcopulatory male--male competition and female mate choice, fertilization success in a non‐competitive environment measures only male fertility. Therefore, it is highly probable that post‐ rather than precopulatory mechanisms, and in particular sperm characteristics (e.g., ejaculate volume or sperm quality), mediate the higher reproductive success of males originating from lines selected for increased female reproductive investment. First, because even in the non‐competitive environment (no competition or choice), males originating from lines selected for high female reproductive investment fertilize more eggs, and second, because levels of sperm competition were extremely high in the competitive mating environment (multiple paternity was observed in all clutches). Interestingly, also in other taxa, the same sperm characteristics appear to influence both male fertility and success in sperm competition (Gomendio et al. [2007](#evl321-bib-0019){ref-type="ref"}). Furthermore, there was no significant effect of body size on reproductive success in the competitive mating environment (*F* ~1,24~ = 1.58, *P* = 0.218), which would likely reflect the ability of a male to monopolize females.

Male reproductive success is often linked to variation in testis size (e.g., Preston et al. [2003](#evl321-bib-0038){ref-type="ref"}), as larger testes are assumed to produce more sperm (Knight [1977](#evl321-bib-0023){ref-type="ref"}; Møller [1988](#evl321-bib-0031){ref-type="ref"}, [1989](#evl321-bib-0032){ref-type="ref"}; Calhim & Birkhead [2009](#evl321-bib-0005){ref-type="ref"}). However, despite a clear difference in male reproductive success between the selection lines, there was no significant difference in total testis mass (*F* ~1,104~ = 0.51, *P* = 0.478; Fig. [2](#evl321-fig-0002){ref-type="fig"}A see also Fischer et al. [2009](#evl321-bib-0015){ref-type="ref"}), and no significant relationship between total testis mass and fertilization success in either the competitive (*F* ~1,22~ = 0.75, *P* = 0.396) or non‐competitive (χ^2^ = 0.11, *P* = 0.740) mating environment. These findings are in line with recent evidence showing that testis composition (i.e., the density of sperm‐producing tissue) is potentially as (or even more) important than their size in determining the volume and/or quality of sperm produced (Ramm and Schärer [2014](#evl321-bib-0040){ref-type="ref"}; Firman et al. [2015](#evl321-bib-0014){ref-type="ref"}).

![Consequences of divergent selection for female reproductive investment for male testis morphology. Differences in (A) total testis mass and (B) testis asymmetry (i.e., left testis mass as a proportion of total testis mass) between lines selected for divergent female reproductive investment. Means ± 95% CI are presented.](EVL3-1-222-g002){#evl321-fig-0002}

Whereas there was no difference in overall testis size, males of the divergent selection lines did differ in the relative size of their left testis (*F* ~1,104~ = 16.39, *P* \< 0.001; Fig. [2](#evl321-fig-0002){ref-type="fig"}B), often referred to as testis asymmetry (Calhim and Montgomerie [2015](#evl321-bib-0006){ref-type="ref"}). This asymmetry was not simply a representation of asymmetry in the whole body, as asymmetry in the pectoral muscles did not differ between the divergent selection lines (*F* ~1,76~ = 0.27, *P* = 0.602). Testis asymmetry is widespread in birds (Calhim and Montgomerie [2015](#evl321-bib-0006){ref-type="ref"}), as well as other taxa (Yu [1998](#evl321-bib-0046){ref-type="ref"}), but the causes of variation in testis asymmetry are not well understood (Calhim and Montgomerie [2015](#evl321-bib-0006){ref-type="ref"}). As male and female gonads differentiate from the same tissue (Smith and Sinclair [2004](#evl321-bib-0042){ref-type="ref"}), it has been suggested that this asymmetry (which is predominantly left‐biased across bird species; Calhim and Montgomerie [2015](#evl321-bib-0006){ref-type="ref"}) is a by‐product of female birds developing reproductive organs only on their left side (Stanley and Witschi [1940](#evl321-bib-0043){ref-type="ref"}) as an adaptation for flight (Zheng et al. [2013](#evl321-bib-0047){ref-type="ref"}). In a previous study (Pick et al. [2016b](#evl321-bib-0034){ref-type="ref"}), we demonstrated that selection for increased reproductive investment led to larger (left‐side restricted) reproductive organ size in females. In conjunction with the results presented here, this indicates the presence of a positive, intersexual genetic correlation between male and female gonadal asymmetry. The pattern of asymmetry in other taxa provides further evidence for such an intersexual genetic correlation; species in the genus *Accipiter*, for example, have a larger right testis as well as greater development of the right ovary (Stanley and Witschi [1940](#evl321-bib-0043){ref-type="ref"}). Similarly, the American Alligator (*Alligator mississippiensis*), a sister taxon to birds, has larger right gonads in both sexes (Lance [1989](#evl321-bib-0025){ref-type="ref"}).

Testis asymmetry did not only differ between the divergent selection lines, but also explained a significant amount of variation in male reproductive success both in the non‐competitive (χ^2^ = 4.76, *P* = 0.029) and the competitive (*F* ~1,22~ = 7.89, *P* = 0.010; Fig. [3](#evl321-fig-0003){ref-type="fig"}) mating situation. This is, to our knowledge, the first demonstration of a relationship between testis asymmetry and reproductive success in any taxon. It suggests that the two testes are functionally different, with the left being more functional than the right. Recent studies have shown that after gonadal differentiation, stem cell numbers, and gene expression profiles are higher in the left gonad in both sexes (Intarapat and Stern [2013](#evl321-bib-0021){ref-type="ref"}, [2014](#evl321-bib-0022){ref-type="ref"}). This difference in early development may translate into a functional difference in adulthood, resulting in a higher functionality in the left gonad in both sexes. Given that gonadal asymmetry differed between the selection lines in both sexes, selection for increased female reproductive investment has likely acted on this shared asymmetrical gonadal development. It is important to note, however, that this association between testis asymmetry is correlative, and so caution should be taken in its interpretation. Further work, linking asymmetry to testis function will allow us to fully understand the importance of this pattern.

![The association between testis asymmetry (i.e., left testis mass as a proportion of total testis mass) and male reproductive success, measured as the number of eggs each male fertilized in a competitive mating situation. Symbols represent the selection line (black triangles---high investment; white inverted triangles---low investment), the line represents model predictions; see Table S2b for model details.](EVL3-1-222-g003){#evl321-fig-0003}

In conclusion, we provide experimental evidence for an intersexual genetic correlation between functionally different reproductive organs, which mediates a positive genetic correlation between key fitness components in males and females. This is, to our knowledge, the first study to link such a correlated response in reproductive morphology to fitness and suggests that selection on reproductive function is acting sexually concordantly.

Methods {#evl321-sec-0030}
=======

For this study we used a population of Japanese quail maintained at the University of Zurich, Switzerland. We established replicated divergent selection lines for high and low maternal egg investment in this population as described in Pick et al. ([2016c](#evl321-bib-0035){ref-type="ref"}). In short, eggs from the 25% of females producing the largest and smallest eggs relative to their body size were incubated to create the high and low investment lines, respectively. In subsequent generations we selected the 50% of females with the most extreme egg phenotype within their respective line. We repeated this procedure twice to create two independent replicates per line (see Pick et al. [2016c](#evl321-bib-0035){ref-type="ref"} for more details about the selection procedure and responses to selection). We found a strong response to selection in egg size, as well as a positive correlated response in dried egg components (i.e., in resource investment), but no response in laying rate (Pick et al. [2016c](#evl321-bib-0035){ref-type="ref"}). By generation four, the lines differed in absolute egg size by 1.06 standard deviations (mean ± SDs: high investment line = 12.46 ± 0.94 g, low investment line = 11.12 ± 0.91 g). Mating between relatives were avoided throughout the selection experiment (inbreeding coefficients of individuals used in this study *f* \< 0.016; Pick et al. [2016c](#evl321-bib-0035){ref-type="ref"}).

We quantified variation in reproductive success of males from the third and fourth generation of these lines, in both a non‐competitive and a competitive mating situation. In the noncompetitive setting (i.e., no male--male competition or female mate choice), males from the high (*N* = 40) and low (*N* = 40) female reproductive investment lines were each mated with a female from both lines in two subsequent breeding rounds (see Supporting Information Methods for further details on mating design).

Male--female pairs were kept in individual cages. Tarsus length, a measure of body size in birds, was measured (to the nearest 0.1 mm) when the animals were brought into breeding cages. From each pair, we collected and incubated seven to 11 eggs (see Supporting Information Methods for details). All unhatched eggs were dissected and evidence of fertilization was determined visually. After breeding, all males were euthanized and their left and right testes were weighed (to nearest 0.01 g). To distinguish between testis asymmetry and whole body asymmetry, we also dissected and weighed the left and right pectoral muscles (to nearest 0.01 g). Within a replicate, all males were of the same age and had experienced the same period of reproductive activity.

Male reproductive success in a competitive setting was determined by keeping four mixed‐line groups of six to eight males and eight to 12 females (always more females than males and an equal split of males and females from each line) under seminatural conditions in large aviaries (see Supporting Information Methods for further details). This setup allowed for pre‐ and postcopulatory female mate choice and male--male competition. We measured tarsus length and took a small blood sample from all animals when they entered the aviary. This blood sample was stored in 96% ethanol for parentage assignment. Over a period of 14--16 days, all eggs were collected daily from the aviaries and incubated for four to six days. Embryonic tissue was collected from the developing eggs and stored in 96% ethanol. DNA was extracted and parentage was assigned using microsatellite markers (see Supporting Information Methods for further details). Males were subsequently euthanized, and their left and right testes were weighed (to nearest 0.01 g). All procedures were conducted under licenses provided by the Veterinary Office of the Canton of Zurich, Switzerland (permit numbers 195/2010; 14/2014; 156).

STATISTICAL ANALYSES {#evl321-sec-0040}
--------------------

We tested for a difference in male fertilization success in the non‐competitive mating situation using a generalized linear mixed model with a binomial error distribution and a logit link function, in which each egg was scored as either fertilized or unfertilized. Selection line of the male and female, and selection line replicate were included as fixed factors, egg number (in laying sequence) and body size (tarsus length) as a covariate, and male and female identity as random effects. Tarsus length was *z*‐transformed before analysis, to aid in model convergence. For this analysis we included only males that bred twice with selection line females (*N* = 77 males; 154 pairings; 1449 eggs; see Supporting Information Methods). We further tested for an effect of total testis mass (summed mass of left and right testes) and testis asymmetry (left testis as proportion of total testis mass) on fertilization success using the same models as outlined above, but including testis mass and asymmetry instead of selection line, and using data from all pairings (*N* = 80 males; 160 pairings; 1503 eggs).

We tested for a difference in the number of eggs fertilized by a male in the competitive mating situation using generalized linear models with a Poisson error distribution and log link function, using quasilikelihood to correct for overdispersion. These models included male selection line and aviary ID as fixed factors, and body size (tarsus length) as a covariate (*N* = 30 males). We further tested for an effect of total testis mass and testis asymmetry on the number of eggs fertilized using the same models, but including total testis mass and asymmetry instead of selection line (*N* = 29 males; the testes of one male were not measured).

Finally, we tested for a difference between the selection lines in total testis mass and testis asymmetry using linear models that included selection line, generation and line replicate as factors, and tarsus length as a covariate (*N* = 109 males). To distinguish between testis asymmetry and whole‐body asymmetry, we ran the same model with pectoral asymmetry, excluding generation (pectoral muscle data were only available from males in the noncompetitive mating situation; *N* = 80 males).

Significance was determined in (generalized) linear models using *F* statistics and in mixed models by comparing nested models using likelihood‐ratio tests, for which df = 1. Analyses were performed in R (3.3.0; R Core Team [2016](#evl321-bib-0039){ref-type="ref"}). Mixed models were performed using lme4 (1.1‐12; Bates et al. [2015](#evl321-bib-0001){ref-type="ref"}). Detailed results of all models are provided in the Supporting Information Results.
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